WHAT'S KNOWN ON THIS SUBJECT: Diuretics are used in preterm infants to treat the symptoms of bronchopulmonary dysplasia (BPD), although there is little evidence of their effectiveness in improving long-term outcomes. Prescribing patterns and frequency of diuretic use in patients with BPD are unknown.
Diuretic administration to preterm infants with bronchopulmonary dysplasia (BPD) has been practiced for .3 decades to improve respiratory outcomes. 1 Short courses of diuretics and long-term diuresis have been shown to transiently improve pulmonary mechanics. 2, 3 However, evidence is limited regarding the impact of long-term diuretic treatment on important clinical outcomes. [2] [3] [4] [5] In addition, diuretic medications are associated with side effects in preterm infants and have the potential to cause serious harm. 4, 6 Several investigations have shown that diuretics are prescribed frequently to preterm infants. 7, 8 However, practice patterns for diuretic administration to infants with BPD, including frequency of use, average length of treatment, variables associated with administration, and interhospital variations in use, have never been fully reported. Pharmacoepidemiologic knowledge of current diuretic utilization patterns, including interinstitutional differences in diuretic treatment of BPD, will be essential in designing patient-centered trials to examine the comparative effectiveness of diuretic administration for improving BPD outcomes. Therefore, our investigational objectives were (1) to determine betweenhospital variation in diuretic use for infants with BPD, including hospitalspecific treatment frequency, inpatient treatment duration, and percentage of infants receiving short (#5 consecutive days) versus longer (.5 days) courses, and (2) to determine demographic and clinical variables associated with diuretic administration.
METHODS

Study Design
We conducted a retrospective cohort study to evaluate diuretic use in infants with BPD. Infants were considered to have evolving BPD if they survived until at least 28 days of age and received respiratory support for the first 28 consecutive days of life via mechanical ventilation, continuous positive airway pressure (CPAP), and/or supplemental oxygen. The cohort included infants with evolving BPD born before 29 weeks of gestation with a birth weight ,1500 g and admitted to NICUs in children' s hospitals at ,8 days of age with discharge dates from January 2007 to June 2011, as recorded in the Children' s Hospital Association Pediatric Health Information System (PHIS) database (Shawnee Mission, KS). We chose our gestational age (,29 weeks) and birth weight (,1500 g) cutoffs to include .97% of infants with BPD. 5 We excluded infants admitted after 7 days of age to minimize exposure to unmeasured diuretic treatment at outside hospitals and included only those who lived $28 days, the earliest age at which BPD may be assigned. 9 We chose to define BPD at its 28-day onset, before severity staging at 36 weeks' corrected age, because an infant' s respiratory condition at BPD onset was more likely to influence a clinician' s decision regarding diuretic usage throughout the remainder of the infant' s hospitalization than the 36-week outcome measurement. For reference, we also determined the frequency of mild, moderate, and severe BPD at 36 weeks. The Nationwide Children' s Hospital Institutional Review Board determined that this was not human subjects research, because it was an analysis of a preexisting, deidentified data set and involved no patient contact.
Data Source
The PHIS database contains administrative, billing, and record-review data including patient demographics, diagnoses, medications, and procedures from 43 freestanding US children' s hospitals, which account for 85% of all national freestanding children' s hospitals (Children' s Hospital Association; Shawnee Mission, KS).
Only 41 hospitals contributed data on NICU admissions. Of these, 6 reported no cases of BPD as defined in this article and were excluded. The resulting study sample consisting of 1429 admissions from 35 hospitals was used for patientlevel analyses. Between-hospital comparisons based on the mean proportion of hospital diuretic use were confined to the 21 hospitals with at least 15 BPD cases representing 94% (n = 1341) of the study sample to prevent bias from the overweighting of institutions with smaller BPD sample sizes.
Study Variables
Daily drug-specific diuretic administration, mechanical ventilation, CPAP, oxygen use, as well as length of stay and demographic variables were determined from each hospital' s daily charge records as included in PHIS. Thompson Because previous trials revealed transient efficacy for short-term diuretic therapy for BPD, but unclear evidence for longer-term diuretic use, 2,3 we examined the frequency of both shortand longer-term diuretic treatment. We defined a short course of diuretics as #5 consecutive days' duration and a longer course as .5 consecutive days. We chose a 5-day cutoff because 4-to 7-day treatment ranges have been frequently used in short-term BPD diuretic therapy trials. 2, 3 Statistical Analysis All analyses were conducted by using Stata 12.1 (StataCorp, College Station, TX). The power of the sample to reject the null hypotheses of equal hospitalspecific means of ever administering a diuretic to a patient (primary outcome) was .0.99 (b , .01) with a = .01. The same power results held for ever administering #5 days or ever administering .5 days of diuretics. Unadjusted odds ratios for bivariate associations between diuretic use and neonatal demographic/clinical risk factors were determined with simple logistic regression for binary outcome variables and simple ordinary leastsquares regression for continuous outcomes. Multivariable mixed logistic regression modeling with a random intercept for hospitals was used to adjust odds ratios for confounding variables and to evaluate the contribution of within-hospital clustering to variation in diuretic administration. The model was created by purposeful selection and included gestational age, gender, duration of mechanical ventilation or CPAP, IVH, PDA, and NEC as variables. A second model was created with birth weight replacing gestational age to obtain adjusted odds ratios for birth weight, which was done to avoid multicollinearity between birth weight and gestational age. All statistical testing was 2-sided and an a level of .05 was considered significant.
RESULTS
A total of 1429 infants met the criteria for BPD at age 28 days, of which 1222 (86%) were treated with at least 1 diuretic dose. Patients received a median of 9 days (25th-75th percentile: 2-33 days) of diuretic therapy, with 1203 (84%) receiving at least 1 short course of #5 days' duration and 570 (40%) receiving at least 1 longer course of .5 days. At discharge, 171 (13%) were receiving diuretics. In the unadjusted analysis, decreasing birth weight, decreasing gestational age, IVH, NEC, PDA, and increasing duration of positivepressure exposure via mechanical ventilation or CPAP were associated with significantly increased odds of diuretic treatment. Male gender increased the odds of longer, but not short-course, diuretic therapy. Race and study year were also examined but did not significantly affect the odds of diuretic administration (Supplemental Table 2 ).
When all variables were included in a multivariable logistic regression model with a random intercept to adjust for confounding and within-hospital clustering (Table 1) , the odds of an infant with BPD ever receiving a #5-day short course were significantly associated with total days of exposure to mechanical ventilation or CPAP, PDA, and NEC. Smaller infants, except for the ,500-g group, had higher odds of ever receiving a #5-day course of diuretics relative to 1000-to 1499-g infants. The lack of a significant association in ,500-g infants could be related to small sample size (n = 40) and increased inpatient mortality risk (risk Data are shown as adjusted odds ratios (95% confidence interval). All regression odds ratios except for those for major comorbidities are reported relative to the reference group indicated by (-). Adjusted odds ratios were determined by using a mixed-effects logistic regression model with a random intercept for hospital, in which all variables in the table were fit in the model except for birth weight. Birth weight adjusted odds ratios were determined by a second model, which included all variables except for gestational age to avoid multicollinearity between birth weight and gestational age. * Statistically significant at a = .05. ref, reference.
ratio: 2.93; P = .004) relative to the other infants in the cohort.
In our multivariable model, the largest influence on the odds of an infant with BPD ever receiving a .5-day diuretic course was the length of positivepressure exposure via mechanical ventilation or CPAP. In addition, male gender was associated with increased odds of ever receiving a longer course. Birth weight, gestational age, IVH, NEC, and PDA were not significantly associated with the receipt of .5-day diuretics courses.
Utilization of Specific Diuretics
We determined the patterns and frequencies of use for the 6 diuretics that were prescribed to .1% of infants within the cohort. We also determined the drug-specific median diuretic days per patient. We chose to report the median measure of central tendency because the distributions for days of use for all the diuretics were skewed to the right, indicating wide variation in treatment duration.
Within the cohort of BPD patients, acetazolamide was administered to 74 (5%) infants, bumetanide to 35 (2%), chlorothiazide to 202 (14%), hydrochlorothiazide to 61 (4%), and spironolactone to 178 (12%). Furosemide was the most widely prescribed diuretic overall (1218 infants; 85%), as well as for short-term therapy (1198 infants; 84%) and longer courses (466 infants; 33%). However, on average, chlorothiazide was the diuretic prescribed for the most days per patient (median: 21 days; 25th-75th percentile: 8-46 days). Spironolactone was prescribed for a median of 18 (7-38) days per patient, hydrochlorothiazide for 15 (3-32) days, furosemide for 10 (3-28) days, bumetanide for 5 (2-29) days, and acetazolamide for 3 (1-6) days. Figure 1 shows the percentage of admitted patients receiving each diuretic by day of hospitalization. Overall, diuretic courses #5 days in length predominated early in infants who developed BPD, whereas longer .5-day courses were more common after hospital day 34. Similar patterns were noted for furosemide, with longer courses predominating, on average, after 42 inpatient days, and for chlorothiazide, with more longer courses after day 55 (Supplemental Figure 5 ). Short courses of hydrochlorothiazide and spironolactone were rarely given (,1%). Average daily bumetanide and acetazolamide use was ,1% with no clear course length trend over time, and they were excluded from Supplemental Figure 5 .
When we examined the correlations between the percentage of patient days on specific diuretics to determine if the use of 1 diuretic was associated with the use of another, we found strong positive correlations between chlorothiazide and spironolactone (R = 0.85, P , .0001) and hydrochlorothiazide and spironolactone (R = 0.89, P , .0001).
Between-Hospital Variation in Diuretic Treatment of Infants With BPD
Diuretic use for infants with BPD varied between children' s hospitals. Figure 2 shows between-hospital variation in percentage of patient days receiving diuretics, and Fig 3 shows betweenhospital variation in the percentage of patients who ever received a #5-day short course, as well as the percentage ever receiving courses .5 days. There was only moderate correlation (R = 0.46, P = .005) between the percentage of short courses and long courses administered by the hospital, and no significant correlation between patient volume and the percentage of short or longer courses administered.
The variation in diuretic course length between hospitals persisted even after controlling for length of exposure to positive pressure via mechanical ventilation or CPAP, birth weight, gestational age, IVH, PDA, and NEC in our multivariable logistic regression models with random intercepts (Table 1) . The intraclass correlation coefficient (ICC), a measure of the proportion of total variance in diuretic use due to variation between hospitals, indicated that clustering by hospital was a significant component of the overall variation in the frequency of both short and longer courses prescribed (ICC for #5-day courses = 0.33; 95% CI: 0.19, 0.52) (ICC for .5-day courses =0.35; 95% CI: 0.23, 0.51). In addition, the specific diuretic or diuretics chosen by clinicians varied widely among hospitals. Figure 4 shows the range of infants receiving chlorothiazide (0-72%), furosemide (0-87%), hydrochlorothiazide (0-30%), and spironolactone (0-67%) by institution.
Cohort at 36 Weeks' Postmenstrual Age
At 36 weeks' postmenstrual age, 78% (n = 1116) of the cohort remained hospitalized after 53 deaths and 313 discharges. Oxygen requirement (moderate BPD as defined by Ehrenkranz et al 10 ) was noted in 39% (n = 431) and 28% (n = 314) required CPAP or mechanical ventilation (severe BPD 10 ). Of these infants, 122 (33%) with mild BPD (n = 371), 143 (33%) with moderate BPD, and 159 (51%) with severe BPD received at least 1 .5-day diuretic
FIGURE 2
Mean proportion of days that infants received diuretics during their NICU stay, by hospital. Range: 5.1% to 61.9%. Patient days = (mean patient days on any diuretic/mean length of stay). Hospitals were excluded if ,15 patients developed BPD during the study period.
FIGURE 3
Percentage of patients by hospital who ever received a #5-day short course of diuretics or a course .5 days. Ranges: longer courses, 3.9% to 86% (median: 42.4%); short courses, 62.7% to 91.7% (median: 89.9%). Hospitals are listed in order of increasing .5-day courses.
course during their stay. Death occurred in 24 hospitalized infants after 36 weeks.
DISCUSSION
Our investigation indicates that diuretic use in infants with BPD at US children' s hospitals is common, but patterns of utilization vary markedly between institutions. Overall, 86% of the cohort received a diuretic, with 84% receiving at least 1 #5-day course and 40% receiving courses of .5 consecutive days. We found that duration of mechanical ventilation or CPAP exposure, a marker of respiratory disease severity, was the greatest predictor of diuretic exposure. On average, among infants that develop BPD, courses of #5 days predominate in the first month of life with .5 days of treatment more common thereafter.
The percentage of BPD patients receiving diuretics as well as the frequency of shorter-and longer-term courses varied widely among hospitals.
Among hospitals with $15 BPD patients during the study period, the percentage receiving a diuretic course of .5 days ranged from 4% to 86%. Variation among centers in the percentage of infants receiving short and longer courses persisted even after controlling for confounding variables associated with diuretic use. However, the range of variation was narrower for short courses relative to long courses, perhaps due to greater evidence for short-term diuretic effects. 2, 3 When we examined diuretic utilization by hospital for .5-day courses, we found that the most frequently administered class of diuretic varied between institutions. Clinical studies have focused primarily on 2 classes of diuretics for the treatment of BPD: loop diuretics (eg, furosemide) and diuretics acting on the distal tubule (eg, thiazides or spironolactone).
Furosemide, the most widely studied loop diuretic in infants, can improve lung mechanics through both diureticdependent and diuretic-independent responses. 6 Furosemide increases local prostaglandin production leading to pulmonary vasodilation, 11, 12 enhances lung fluid absorption, 13,14 inhibits bronchial smooth muscle contraction resulting in bronchodilation, 15 and decreases inflammatory mediator release. 16 These potential benefits must be balanced against important systemic side effects including electrolyte disturbances, ototoxicity, and renal calcium excretion potentially leading to nephrocalcinosis and osteopenia. 4, 6 Furosemide also vasodilates the ductus arteriosus 17 and has been associated with increased PDA when administered to preterm infants with respiratory distress syndrome. 18, 19 A Cochrane systematic review of 6 trials found that although furosemide improves pulmonary compliance, minute ventilation, and oxygen requirement in infants aged .3 weeks with BPD, there was no beneficial effect in duration of oxygen requirement or mechanical ventilation. 2 Although none of the included trials evaluated long-term furosemide use or clinically important outcomes such as mortality, length of stay, BPD at 36 weeks, or bone demineralization, we found that multiple centers appear to use furosemide almost exclusively for long-term diuresis of BPD patients.
Diuretics acting primarily at the distal tubules, including thiazides and spironolactone, are less potent than loop diuretics but potentially cause fewer electrolyte abnormalities. Thiazides do not increase renal calcium excretion nor does spironolactone when used individually. 6 However, spironolactone is associated with hypercalciuria in combination with thiazides. 20 We found that spironolactone administration was correlated with both chlorothiazide and hydrochlorothiazide, likely indicating its synergistic use with these medications as a potassium-sparing diuretic. However, thus far, combination therapy with spironolactone has not been proven beneficial in neonates. When Hoffman et al 21 randomly assigned a total of 33 infants to 2-week courses of a thiazide with spironolactone versus thiazide alone they found no between-group differences in serum electrolytes, the need for potassium chloride or sodium chloride supplementation, pulmonary mechanics, or fraction of inspired oxygen.
Only 2 single-center randomized trials, the first which occurred before surfactant use and both which occurred before the era of routine antenatal steroid administration, have examined long-term use of distal tubule diuretics for infants with BPD. 1, 22 Albersheim et al 22 reported reduced mortality for $30-day-old, ventilated preterm infants randomly assigned to hydrochlorothiazide/spironolactone. However, placebo-group mortality was 53%, 22 higher than that in contemporary investigations in chronically ventilated BPD patients. 23 A Cochrane systematic review that included both trials determined thiazide and spironolactone improved lung compliance and decreased intermittent furosemide use in .3-week-old preterm infants with chronic lung disease. 3 The authors found little evidence that distal diuretic administration reduces duration of ventilation or length of stay. 3 Despite this lack of evidence to support long-term diuretic use and minimal data on long-term side effects, we found that such use is a routine occurrence in NICUs. Surprisingly, a recent survey of 400 US neonatologists by Hagadorn et al 24 to determine factors that influenced a clinician' s decision to use diuretics revealed that 66% of respondents expected decreased ventilator days and 59% decreased length of stay.
Due to the retrospective and observational nature of our investigation, we were unable to study the causal effects of diuretics on important clinical outcomes such as duration of ventilation, duration of oxygen use, severity of BPD at 36 weeks, and length of stay. All of these outcomes were associated with increased diuretic use in our cohort, but our ability to control for selection bias due to severity of respiratory illness was limited to observed covariates. Our diagnoses, including BPD, were based on hospital records, and potential recording errors might reduce the accuracy of our diagnoses. Although we used hospital charge data for specific date of service to determine days receiving oxygen, days on mechanical ventilation and CPAP, and dates of diuretic administration, we had to rely on less specific International Classification of Diseases, Ninth Revision, codes for the diagnoses of IVH, PDA, and NEC. Even though PHIS data are rigorously screened for errors and rejected if quality thresholds for inclusion are not met, they were initially collected for hospital administrative purposes instead of specifically for research.
Despite these limitations, our cohort study has multiple strengths. It benefitted from the large sample size and nationally representative sample of children' s hospitals included in the PHIS database, as well as measures taken by the Children' s Hospital Association to ensure data quality. Our findings are likely generalizable to most NICUs within large US children' s hospitals.
These baseline findings will serve to inform the design of prospective, comparative effectiveness investigations to determine whether longterm use of diuretics in BPD patients is beneficial. There is a critical need for investigation of harmful side effects in diuretic-exposed patients, including decreased bone density with increased fractures and the longitudinal effect of chronic electrolyte depletion requiring supplementation. If long-term diuretic administration is revealed to be beneficial for BPD patients, investigations will be needed to determine which diuretic or diuretics provide the most benefit and the lowest long-term risks.
CONCLUSIONS
Diuretic therapy is commonplace for infants with BPD at US children' s hospitals. The frequency of diuretic administration, as well as the specific diuretic regimens used, varies markedly by institution even after adjustment for confounding variables. Research is needed to determine the effectiveness and safety of long-term diuretic therapy for BPD patients to develop evidence-based recommendations.
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